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To elucidate the roles of tryptophan residues in the structure, stability, and function of
Escherichia coli dihydrofolate reductase (DHFR), its five tryptophan residues were re-
placed by site-directed mutagenesis with leucine, phenylalanine or valine (W22F, W22L,
W30L, W47L, W74F, W74L, W133F, and W133V). Far-ultraviolet circular dichroism (CD)
spectra of these mutants reveal that exciton coupling between Trp47 and Trp74 strongly
affects the peptide CD of wild-type DHFR, and that Trpl33 also contributes appreciably.
No additivity was observed in the contributions of individual tryptophan residues to the
fluorescence spectrum of wild-type DHFR, Trp74 having a dominant effect. These single-
tryptophan mutations induce large changes in the free energy of urea unfolding, which
showed values of 1.79-7.14 kcal/mol, compared with the value for wild-type DHFR of 6.08
kcal/mol. Analysis of CD and fluorescence spectra suggests that thermal unfolding
involves an intermediate with the native-like secondary structure, the disrupted Trp47-
Trp74 exciton coupling, and the solvent-exposed Trp30 and Trp47 side chains. All the
mutants except W22L (13%) retain more than 50% of the enzyme activity of wild-type
DHFR. These results demonstrate that the five tryptophan residues of DHFR play im-
portant roles in its structure and stability but do not crucially affect its enzymatic func-
tion.

Key words: dihydrofolate reductase, enzyme function, point mutations, structural stabil-
ity, tryptophan residues.

Dihydrofolate reductase (DHFR) [EC 1.5.1.3] from Escheri-
chia coli is a monomeric protein of 159 amino acids with no
disulfide bond or prosthetic group. Three-dimensional
structure of the enzyme in the crystalline state was deter-
mined for the apoenzyme (1) and many enzyme-ligand
complexes (2-6). However, the conformation of DHFR in
solution has remained largely unresolved, as shown by
many spectroscopic data (7-9), enzyme kinetics (10-12),
and equilibrium and kinetic unfolding-refolding analyses
(13-21). There are at least two conformers with different
affinities for cofactor and substrate (8,10, 22, 23). The far-
ultraviolet circular dichroism (CD) spectrum of DHFR is
surprisingly influenced by mutations, although it retains
the native conformation and the enzyme activity (24-28).
Kuwajima et al. constructed a W74L mutant of DHFR and
showed that the side chains of Trp47 and Trp74 form an
exciton coupling to affect the far-ultraviolet CD spectrum
(15). As shown in Fig. 1, DHFR has five tryptophan resi-
dues, and the side chains of Trp47 and Trp74 make close
contact. The other three tryptophans (Trp22, Trp30, and
Trpl33) are separated from each other by greater dis-
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tances, but Grishina and Woody theoretically predicted
their contribution to the peptide CD (29). Recently, we
found that the far-ultraviolet CD spectrum of DHFR is also
modified by mutations at positions 67 and 121, where the
side chains are buried in the interior of the enzyme mole-
cule, but not by mutations at position 145, where the side
chain is exposed to the solvent (24-26).

The spectrum of DHFR is not only altered by amino acid
substitution but is also temperature-dependent. Far-ultra-
violet CD and fluorescence spectra show the large tempera-
ture dependence of the native state (30). Interestingly,
these spectroscopic changes correlate clearly with the tem-
perature dependence of the partial specific volume and adi-
abatic compressibility, which is two or threefold larger than
those of other globular proteins (31). Thermal unfolding of
DHFR involves at least one intermediate, in which certain
tryptophan residues are exposed at low temperature (30).
These results suggest that the conformation of DHFR is
highly flexible, and a small alteration of tertiary structure
by mutation or temperature change extends to the vicinity
of tryptophan residues via the modified atomic packing or
long-range interaction. However, it is unknown which tryp-
tophan residues are responsible for such spectroscopic pro-
perties and to what extent individual tryptophan residues
affect the tertiary structure and function of DHFR, because
only limited mutation studies have been performed on the
tryptophan residues. (15,32).

To address this problem, in the present study the five
tryptophan residues of DHFR were replaced by site-
directed mutagenesis with leucine, phenylalanine or valine
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(W22F, W22L, W30L, W47L, W74F, W74L, W133F, and
W133V). The role of individual tryptophan residues in the
structure, stability and function of DHFR will be discussed
in terms of the difference CD and fluorescence spectra, free
energy of urea unfolding, thermal unfolding, and enzymatic
activity.

MATERIALS AND METHODS

Plasmid and Mutant Constructions—All mutant DHFR
genes were constructed with plasmid pTZwtl-3 (3.7 kb),
which produced 1,400-fold overexpression of the wild-type
DHFR protein (33). For site-directed mutagenesis, the fol-
lowing seven oligonucleotides were synthesized in a three-
step PCR reaction as described previously (27): 5'GAGATC-
GGCCGGCAGGTTWAATGGCATGGCGTTTTC3'(pW22-
FL); 5'GTTGCGTTTAAAWAAGGCGAGATCGGCCGGCA-
GGTT3' (pW30FL); 5'AGGCCTACCGATCGATTCWAAGG-
TATGGCGCCCCAT3 (pW47FL); 5'GGCCGCGATCGCTT-
CGTCGACCGATTTAACWAAGGTAACCCG3'(pW74FL);
5'CCGGATGACTTWGAATCGGTATTCAGCGAATTTCAT-
GATGCT3' (pW133FL); 5'GGGGATCCGCTCTTGAC-
AATTAGTTAACTATTTGT3' (pWT-F); and 5'GAGGA-
TCCTTAACGACGCTCGAGGATTTCGAAACA3' (pWT-
BC), where W is a mixture of adenine (A) and thymine (T).
The mutant DHFR genes obtained were digested with
BamBI, cloned into pUC118 (34), and sequenced with a
Perkin Elmer Applied Biosystems Model 373A DNA se-
quencer. An unexpected mutation to valine instead of leu-
cine occurred at position 133, probably because of misread-
ing in the multiple PCR reaction.

Protein Purification—The wild-type and mutant DHFR

Trp74

Trp47

Fig. 1. Crystal structure of an Escherichia coli DHFR, after
Bolin et at (2). Side chains of five tryptophan residues and a cata-
lytic residue, Asp27, are shown by ball-and-stick model. This figure
was produced using the graphics program Molscript (45). The a-car-
bons of Trp22, Trp30, Trp47, Trp74, and Trpl33 residues are sepa-
rated by 5, 10, 19, 27, and 22 A, respectively, from the a-carbon of
Asp27.

proteins were purified as described previously (26). The
concentration of wild-type DHFR was determined using a
molar extinction coefficient of 31,100 M^-cm"1 at 280 nm
(10). The concentrations of mutant DHFRs were deter-
mined assuming the following molar extinction coefficients
(M^-cnr1) at 280 nm: 24,690 (W22F), 24,240 (W22L),
25,810 (W30L), 24,040 (W47L), 26,870 (W74F), 26,630
(W74L), 25,420 (W133F), and 27,620 (W133V). These val-
ues were estimated from the intrinsic fluorescence inten-
sity of tryptophan residues in 5.8 M urea solution, on the
assumption that the mutant DHFRs would be fully unfold-
ed and all the tryptophan side chains exposed to the sol-
vent.

Circular Dichroism Spectra—Far-ultraviolet CD spectra
of the wild-type and mutant DHFRs were measured at
15°C using a Jasco J-720W spectropolarimeter as described
previously (26). The solvent was 10 mM potassium phos-
phate (pH 7.0) containing 0.1 mM EDTA and 0.1 mM di-
thiothreitol. The protein concentration was kept at about
20u,M.

Fluorescence Spectra—Fluorescence emission spectra of
the wild-type and mutant DHFRs were measured using a
Jasco FP-750 spectrofluorometer in the wavelength region
from 300 to 450 nm at 15°C. The excitation wavelength was
290 nm and the slit width was 5 nm. The solvent was the
same as for the CD measurements. The protein concentra-
tion was 0.5 u.M.

Equilibrium Urea Unfolding—Equilibrium unfolding of
DHFRs with urea (ultrapure product from Schwarz/Mann)
was monitored by the molar elipticity at 222 nm and 15°C
with a Jasco J-720W spectropolarimeter as described previ-
ously (26). The solvent was 10 mM potassium phosphate
(pH 7.0) containing 0.1 mM EDTA and 0.1 mM dithiothrei-
tol. The protein concentration was kept at about 20 uJVI. All
samples were fully equilibrated at each denaturant concen-
tration before the CD measurements. The observed molar
ellipticity data, [8] (30-40 points), were directly fitted to the
two-state unfolding model, native (N) < > unfolded (U),
by means of nonlinear least-squares regression analysis
with the SALS program (35), as follows

[9] = (f6]N + Mu exp(-AGJRT))/{l + exp(-&GJRT)) (1)

where AGU is the Gibbs free energy change of unfolding, R
the gas constant, T the absolute temperature, and [9]N and
[Q]v the molar ellipticities of the native and unfolded forms,
respectively. [9]N and [9]0 at a given urea concentration
were estimated by assuming the same linear dependence of
ellipticity in the transition region as in the pure native
(pre-transition region) and unfolded states (post-transition
region). The free energy change of unfolding, AGU, in Eq. 1
was assumed to be linearly dependent on the urea concen-
tration (36)

AGU = AG°U + m[urea] (2)

where AG°U is the free energy change of unfolding in the
absence of a denaturant, and the slope, m, is a parameter
reflecting the cooperativity of the transition. The urea con-
centration at the mid-point of the transition (AGU = 0) was
defined as Cm.

Thermal Unfolding—Thermal unfolding of DHFRs was
monitored by CD and fluorescence spectra using a Jasco J-
720W spectropolarimeter and a Jasco FP-750 spectrofluo-
rometer, at the protein concentrations of 5 and 0.5 p.M,
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respectively. The solvent was the same as those for the CD
spectra measurements. Temperature of the sample was
controlled with a thermobath circulator (NESLAB RTE-
110) and measured within an accuracy of ± 0.1°C using a
digital thermometer (Takara Kogyo, D221), which was con-
nected to a sensor set in the top part of the sample solution.
The CD and fluorescence spectra at each temperature were
recorded as an equilibrium value 15 min after each temper-
ature change.

Specific Activity—Specific activity of the wild-type and
mutant DHFRs was measured spectrophotometrically
using a Jasco V-520 spectrophotometer at 25°C. The buffer
used was 33 mM succinic acid containing 44 mM imidazole
and 44 mM diethanolamine, whose pH was adjusted to 7.0
with acetic acid or tetraethylammonium hydroxide. The
concentrations of dihydrofolate (Sigma) and NADPH (Ori-
ental Yeast) were determined spectrophotometrically using
molar extinction coefficients of 28,000 M^-cm"1 at 282 run
and 6,200 M^-cm"1 at 339 nm, respectively. The enzyme
concentration was determined from the absorbance at 280
nm. The final concentrations of dihydrofolate, NADPH, and
enzymes were 50 \xM, 60 |xM, and 60-90 nM, respectively.
The initial velocities of the enzyme reaction were calculated
from the time course of absorbance at 340 nm using a dif-
ferential molar extinction coefficient of 11,800 M '̂-cm""1

(37).
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Fig. 2. Far-ultraviolet circular dichroism spectra of the wild-
type and mutant DHFRs at 15'C. The solvent used was 10 mM
potassium phosphate (pH 7.0) containing 0.1 mM EDTA and 0.1 mM
dithiothreitol. (A): ( ) Wild-type DHFR; ( ) W22F; ( )
W22L; ( ) W30L. (B): ( ) Wild-type DHFR; ( ) W47L;
(-—) W74F; ( ) W74L. (C): ( ) Wild-type DHFR; ( )
W133F; ( ) W133V.

RESULTS

Circular Dichroism Spectra—Figure 2 shows far-ultravi-
olet CD spectra of the wild-type and mutant DHFEs at
15°C and pH 7.0. The CD spectra of all the mutants except
W22F and W22L are clearly different from those of wild-
type DHFR, suggesting that all tryptophan residues except
Trp22 contribute to some extent to the peptide CD of the
wild-type DHFR. The large decrease in CD intensity at
200-213 nm for W30L (Fig. 2A) is thought to due not to
unfolding but to local structural change of the native form,
since the unfolded fraction of this mutant is negligibly
small in the absence of urea as shown in Fig. 4. Three mu-
tants, W47L, W74F, and W74L, show characteristic CD
spectra compared with wild-type DHFR (Fig. 2B): the ellip-
ticity is higher and lower, respectively in the wavelength
regions below and above 225 nm. This result is consistent
with the previous observation for W74L mutant (15), and
clearly indicates that exciton coupling between Trp47 and
Trp74 side chains contributes greatly to the far-ultraviolet
CD spectrum of wild-type DHFR. In contrast to other
mutants, W133F shows a large increase in ellipticity at
212-250 nm accompanying a shoulder at around 235 nm
(Fig. 2C). The large decrease in CD intensity of W133V over
the whole range of wavelength might be partly ascribed to
unfolding of the mutant at this temperature, as revealed by
the fluorescence spectra and the urea unfolding experi-
ments.

Fluorescence Spectra—Figure 3 shows fluorescence emis-
sion spectra of the wild-type and mutant DHFRs at 15°C
and pH 7.0. As expected from the reduction of a tryptophan
residue, all the mutants except W133V show decreased flu-
orescence intensity. Five mutants, W22L, W22F, W30L,
W47L, and W133F, show reduced peak intensity of 86-97%
of that of wild-type DHFR, and in four cases a small red
shift from 343 nm (wild) to 344 nm (W22F and W133F) and
345 nm (W22L and W30L). However, much more signifi-
cant changes are observed for mutants W74F and W74L:
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Fig. 3. Fluorescence emission spectra of the wild-type and
mutant DHFRs at 15"C. The solvent used was 10 mM potassium
phosphate (pH 7.0) containing 0.1 mM EDTA and 0.1 mM dithio-
threitol. The excitation wavelength was 290 nm. The width of the
excitation and emission slits was 5 nm. ( ) Wild-type DHFR;
( ) W22F; ( ) W22L; ( ) W30L; ( ) W47L; ( )
W74F; ( ) W74L; (••••) W133F; ( ) W133V.
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the peak intensity is only 53 and 66% of that of wild-type
DHFR at the peak wavelength of 338 and 339 run, respec-
tively. These results suggest that Trp74 of the five tryp-
tophan residues contributes most significantly to the fluo-
rescence spectrum of wild-type DHFR. Mutant W133V
show a red-shift to the peak wavelength of 348 nm and a
large increase in fluorescence intensity, indicating that this
mutant is partially unfolded and some tryptophan side
chains are exposed to the solvent under the experimental
conditions used.

Equilibrium Urea Unfolding—To clarify the effects of
tryptophan residues on the structural stability, equilibrium
urea unfolding was studied by monitoring the molar ellip-
ticity at 222 nm. Figure 4 shows typical plots of the appar-
ent unfolded fraction of the wild-type and six mutant
DHFRs as a function of urea concentration at 15°C and pH
7.0. Similar transition curves are also observed for other
two mutants, W22F and W133F (data not shown). All the

1.0-

0 2 4 6
[Urea] (M)

Fig. 4. Apparent unfolded fraction of the wild-type and mu-
tant DHFRs as a function of the urea concentration at 15*C.
The unfolded fraction was monitored by CD at 222 nm. The solvent
used was 10 mM potassium phosphate (pH 7.0) containing 0.1 mM
EDTA and 0.1 mM dithiothreitol. (•) Wild-type; (o) W22L; (A) W30L;
U) W47L; (a) W74F; (•) W74L; (v) W133V. Solid lines represent the
theoretical fits to a two-state transition model with the parameter
values shown in Table I. The inset in the figure show the dependence
of the apparent free energy change of unfolding (AGU) on the urea
concentration.

TABLE I. Thermodynamic parameters for urea unfolding of
the wild-type and mutant DHFRs at 15"C.a

DHFRs

Wild-type*
W22F
W22L
W30L
W47L
W74F
W74L
W133F
W133V

AG'O (kcal/mol)

6.08 ± 0.18
4.84 ± 0.11
6.58 ± 0.17
3.64 ± 0.14
5.60 ± 0.19
7.14 ± 0.28
4.00 ± 0.18
5.25 ± 0.19
1.79 ± 0.25

m (kcal/mol-M)

-1.96 ± 0.06
-1.77 ± 0.04
-2.60 ± 0.07
-2.01 ± 0.07
-2.10 ± 0.07

2.55 ± 0.10
-2.32 - 0.09
-2.14 ± 0.07
-1.29 ± 0.09

Cn (M)

3.11
2.73
2.53
1.81
2.67
2.S0
1.72
2.45
1.39

The solvent used was 10 mM potassium phosphate (pH 7.0) con-
taining 0.1 mM EDTA and 0.1 mM dithiothreitol. The parameters
AG\, m, and Cm were calculated with Eq. 2 by assuming a linear
relationship between AGa and the urea concentration. bGekko et al.
(25).

transition curves shift to lower urea concentration, suggest-
ing the destabilized structure of these mutants. The W133V
mutant has extremely low stability, because it is partly un-
folded even in the absence of urea.

Unfolding of all mutants follows a two-state transition
model (Fig. 4), as found for the wild-type and mutant
DHFRs at other positions (25-27). This is also supported by
the observation that the CD spectra of these mutants in
urea solutions have an isoellipticity point at around 210 nm
(data not shown). The Gibbs free energy change of unfold-
ing (AGU) was calculated using Eq. 1 and plotted against
the urea concentration in the inset of Fig. 4. The good lin-
ear relationship observed allows us to calculate the free
energy change of unfolding in the absence of urea, AG°U, the
slope, m, and the urea concentration at AGU = 0, Cm (see
Eq. 2). The results of the calculations are listed in Table I.
Interestingly, the single-tryptophan mutations induce large
changes in AG°U (1.79-7.14 kcal/mol) and in m (-1.29 to
—2.60 kcal/mol-M) from the corresponding values for wild-
type DHFR (6.08 kcal/mol and -1.96 kcal/mol-M). Two
mutants, W22L and W74F, have larger AG°U values than
the wild-type DHFR despite the smaller Cm values, due to
the higher cooperativity of the transition (large negative m
values). The other six mutants show smaller AG°U values
than the wild-type DHFR, with W133V showing an ex-
tremely small AG°U value. These results clearly indicate
that all tryptophan residues of DHFR play important roles
in its structural stability.

Thermal Unfolding—Figure 5 shows far-ultraviolet CD

-10

210 220 230 240 250
Wavelength (nm)

Fig. 5. Temperature dependence of the far-ultraviolet CD
spectra of W22F (A), W74L (B), and W133V (C) DHFRs. The sol-
vent used was 10 mM potassium phosphate (pH 7.0) containing 0.1
mM EDTA and 0.1 mM dithiothreitol. The spectra from bottom to
top refer to the temperatures 5.5, 14.0, 23.8, 31.4, 39.6, 48.0, 56.1,
71.5, and 80.5°C in (A), to 5.3, 14.6, 25.4, 37.2, 46.6, 54.0, 63.3, 73.6,
and 81.9'C in (B), and to 5.7, 14.7, 25.1, 34.9, 47.6, 56.3, 66.6, 74.0,
and 82.6°C in (C).
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TABLE II. Specific and relative activities of the wild-type
and mutant DHFRs at 25'C."

Temperature (°C)
Fig. 6. Temperature dependence of the CD intensity at 220
nm (A) and the fluorescence intensity at 345 nm (B) of the
wild-type and mutant DHFRs. The solvent used was 10 mM po-
tassium phosphate (pH 7.0) containing 0.1 mM EDTA and 0.1 mM
dithiothreitol. (o) Wild-type; (•) W22F; (A) W30L; U) W47L; (a)
W74L; (•) W133V.

spectra of W22F, W74L, and W133V mutants at various
temperatures. Thermal unfolding clearly occurs in the tem-
perature range examined, as found for the wild-type DHFR
(30). Reversibility of the thermal unfolding is estimated to
be 85-90 % from the recovery of the CD intensity after cool-
ing. Other mutants show similar temperature dependence
and reversibility of the CD spectra. As typically observed
for W22F mutant (Fig. 5A), there are two isoellipticity
points at 225 and 210 nm in the CD spectra at 5-32°C.
Similar spectra are also observed for W22L, W30L and
W133F, although the first isoellipticity point (225 nm)
shifts to 227 nm for W30L. In the case of W133V, another
isoellipticity point appears at 235 nm besides 225 and 210
nm at 40-80°C (Fig. 5C). A common feature of these CD
spectra is that an approximately equivalent increase and
decrease in the CD intensity occur in the wavelength
regions above and below 225 nm, respectively. On the other
hand, the far-ultraviolet CD spectrum of W74L has only
one isoellipticity point at 210 nm over the temperature
range examined (Fig. 5B). Similar spectra are observed for
W47L and W74F mutants. These results indicate that
there exists an intermediate in the thermal unfolding pro-
cess of these mutants as well as the wild-type DHFR (30),
and that the Trp47-Trp74 exciton coupling is disrupted at
5-35°C before the main thermal unfolding occurs.

Figure 6 shows the temperature dependence of the molar
ellipticity at 220 nm ([S]^) a n d the fluorescence intensity
at 345 nm for the wild-type and five mutant DHFRs.

DHFRs

Wild-type
W22F
W22L
W30L
W47L
W74F
W74L
W133F
W133V

Specific activity (s~')

14.3
7.2
1.9
9.1

15.5
12.6
9.4

12.6
7.4

Relative activity (%)b

100
50
13
64

108
88
66
88
52

"The solvent used was 33 mM succinic acid containing 44 mM imi-
dazole, 44 mM diethanolamine, 60 \tM NADPH, and 50 yM dihy-
drofolate (pH 7.0). The final concentrations of enzymes were 60-90
nM. The initial velocities of the enzyme reaction were calculated
from the time course of absorbance at 340 nm using a differential
molar extinction coefficient of 11,800 M^-cm"1 {37). The specific
activity of the wild-type DHFR was taken as 100%.

Although detailed thermodynamic analysis of thermal un-
folding is outside the scope of this study, it is evident that
the transition curve is significantly influenced by muta-
tions, the transition temperature ranging over 10°C. In
most cases, [9]22o gradually increases with temperature in
the range 5-35°C, followed by the large increase due to
main unfolding transition in the range 40-70°C. In the
same temperature range, the fluorescence intensity of all
mutants except W133V shows the two-phase transition: the
first transition accompanying a large red-shift of the spec-
tra at 30-45°C, and the second one accompanying a small
red-shift at higher temperature which corresponds to the
major transition in [9]220 (Fig. 6B). The first transition dis-
appears for W133V, probably because this mutant is partly
unfolded even at 15°C. The more stable mutant W133F
clearly shows the first transition (data not shown). Thus,
the thermal unfolding of these tryptophan mutants first
disrupts the tertiary structure accompanying exposure of
some tryptophan residues to the solvent, and this is fol-
lowed by a global unfolding of the secondary structure, as
identified for wild-type DHFR (30).

Specific Activity—Table II lists the specific activity of
DHFRs and its relative value to that of the wild-type
DHFR at 25°C and pH 7.0. All the mutants except W22L
(13%) retain more than 50% of the enzyme activity of wild-
type DHFR. So five tryptophan residues of DHFR have no
fatal effect on the enzymatic function.

DISCUSSION

As shown in this study, mutations at the five tryptophan
residues of DHFR bring about considerable changes in the
native structure, stability, and enzyme activity. A matter of
concern is how the individual tryptophan residues contrib-
ute to the overall structure and properties of this enzyme.

Contribution of Tryptophan Residues to Far-Ultraviolet
CD Spectra—It is well known that the CD spectra in the
far-ultraviolet region reflect the secondary structure of pro-
teins. However, the tertiary structure, especially side chain
of aromatic residues, has been found to influence the pep-
tide CD of some proteins (38,39). A typical case is the exci-
ton coupling between Trp47 and Trp74 side chains of
DHFR, as experimentally found with a W74L mutant (15).
The theoretical calculation based on the X-ray crystal
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structure also predicts the contribution of other tryptophan
residues to the peptide CD of DHFR (29): the difference CD
spectra between the wild-type and four mutant DHFRs
(W22L, W30L, W47L, and W133L) are characterized by a
large positive peak centered at 225 run (W22L), a positive
peak centered at 223 run (W30L), a couplet with negative
and positive peaks centered at 220 and 235 run (W47L),
and a negative peak centered at 232 nm (W133L). Compar-
ison of these theoretical predictions with the experimen-
tally observed difference CD spectra of these mutants will
be a good indicator of the contribution of each tryptophan
residue to the peptide CD.

As shown in Fig. 7, the difference CD spectrum for W22L
shows a small couplet centered at 220 nm. The difference
CD spectrum for W22F shows only a small positive peak at
223 nm (data not shown). These results are inconsistent
with the theoretical prediction, suggesting that Trp22 has
little influence on the peptide CD of DHFR. This is proba-
ble because Trp22 is located in a Met20 loop, which has
three different conformations in crystal structures depend-
ing on the ligands (6). Two-dimensional NMR spectroscopy
of Trp22 shows a cross-peak of two distinct environments
(40), indicating two interchangeable orientations of Trp22
in solution. Recent high pressure NMR study has revealed
that the equilibrium between the two orientations is easily
influenced by pressure as well as temperature (41). It may
therefore be difficult to predict precisely the contribution of
Trp22 to the peptide CD without taking into consideration
the population of such orientations. The difference CD spec-
trum for W30L shows small negative peaks centered at 220
and 235 nm, and a large positive peak at wavelengths
below 210 nm. These results also disagree with the theoret-
ical prediction. This may be partly due to unknown struc-
tural changes as suggested by the large CD depression at
200-210 nm (Fig. 2), the relatively low stability for urea
unfolding (Table I), and the shift of isoellipticity point due
to thermal unfolding (Fig. 5).

The difference CD spectra for W47L and W74L distinctly
show a couplet with negative and positive peaks centered
at 220 and 232 nm, respectively, consistent with the theo-
retical prediction. This result is also consistent with the
observation of Kuwajima et al. (15) for a W74L mutant,
proving that the side chains of Trp47 and Trp74 undergo

200 260220 240
Wavelength (nm)

Fig. 7. CD difference spectra between the wild-type and mu-
tant DHFRs calculated from Fig. 2. ( ) Wild-type—W22L;
( ) wild-type—W30L; ( ) wild-type—W47L; ( ) wild-
type—W74L; ( ) wild-type—W133V.

exciton coupling, which affects the far-ultraviolet CD spec-
trum of DHFR. The difference CD spectrum for W133V
mutant shows a large negative peak centered at 230 nm, as
theoretically predicted for W133L. A similar spectrum is
also observed for W133F (data not shown). These results
indicate that the side chain of Trpl33 contributes substan-
tially to the far-ultraviolet CD spectrum of DHFR. An inter-
esting finding is that the CD spectrum of W133F mutant
has a clear shoulder at around 235 nm (Fig. 2C), as found
in the CD spectrum of the wild-type DHFR bound to its
cofactor, NADPH (26). This suggests that the NADPH bind-
ing induces a conformational change that reduces the con-
tribution of Trpl33 to the peptide CD of the wild-type
DHFR.

Non-Additive Contribution of Tryptophan Residues to
Fluorescence Spectra—As shown in Fig. 3, the single-tryp-
tophan mutations other than W133V induce a decrease in
fluorescence intensity, in some cases accompanied by a
small peak shift. This suggests that the quantum yield of
each tryptophan residue is largely different, while the
polarity around the residue is similar. It is of interest to
what extent each tryptophan residue contributes to the flu-
orescence intensity. Figure 8 shows the difference fluores-
cence spectra between the wild-type DHFR and five single-
tryptophan mutants (W22L, W30L, W47L, W74L, and
W133F), which were calculated from the fluorescence spec-
tra in Fig. 3. The sum of these five difference spectra is only
60% of the intensity experimentally observed for wild-type
DHFR. This means that each tryptophan residue has no
additive contribution to the fluorescence spectra. Such a
non-additivity is mainly ascribed to the abnormally small
contribution of Trp22, Trp30, and Trpl33. This demon-
strates that the exciton coupling of Trp47-Trp74 coopera-
tively perturbs the electronic state of this protein structure
through the long-range interaction.

Large Contribution of Tryptophan Residues to Structural
Stability—As shown in Table I, the structural stability of
DHFR is significantly modified by mutations at five tryp-
tophan resides. The stability of most mutants decreases, as
expected from the decreased hydrophobic stabilizing effect

2000

Wavelength (nm)

Fig. 8. Fluorescence difference spectra between the wild-type
and mutant DHFRs calculated from Fig. 3. ( ) Wild-type—
W22L; ( ) wild-type—W30L; (-—) wild-type—W47L; ( )
wild-type—W74L; ( ) wild-type—W133F. The sum of the above
five difference spectra ( ) is also indicated in comparison with the
wild-type spectrum ( ).
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on the native structure. However, mutants W22L and
W74F are more stable than the wild-type DHFR. W22L is
more stable than W22F despite the low hydrophobicity of
leucine relative to phenylalanine. There are two possible
explanations for such a reverse hydrophobic effect on the
stability. The first is that the nonpolar side chains are less
exposed to the solvent in the unfolded state than in the
native state, resulting in the stabilization of hydrophobic
interaction of the unfolded state (42). This may be possible
for mutations at a hyper or highly exposed position (43),
but not in the present case, because the mutation sites
(tryptophan residues) are buried in the interior of the pro-
tein molecule. As suggested by the CD and fluorescence
spectra (Figs. 2 and 3), the native structure of DHFR is
considerably modified by mutations, while the unfolded
conformation seems to be essentially identical (Figs. 5 and
6). The effect of tryptophan mutations can thus be domi-
nantly attributed to the native state. Replacement of tryp-
tophan with any other amino acid should be accompanied
by modification of not only the hydrophobic interaction but
also the packness of the side chains. For W22L and W74F,
the increased packness of the side chains would overcome
the decreased hydrophobic interaction effect, leading to the
increase in stability. Such a packing effect might partly con-
tribute to destabilization of other mutants, typically
W133V, in addition to the decreased hydrophobic effect.
Detailed understanding of the stabilizing or destabilizing
mechanism of these mutants must await the X-ray or NMR
analyses of the native structure.

Structure of Intermediate in Thermal Unfolding—In a
previous paper (30), we found that the acid and thermal
unfolding of wild-type DHFR involves an equilibrium inter-
mediate, and we predicted that the exciton coupling of
Trp47-Trp74 might be disrupted and some tryptophan side
chains exposed to the solvent in the intermediate state.
This prediction was confirmed by the mutation of five tryp-
tophan residues in the present work. Figures 5 and 6
clearly show that the thermal unfolding of tryptophan mu-
tants as well as the wild-type DHFR consist of the two-
phase transition involving an intermediate: the tertiary
structure is disrupted accompanying the breaking of Trp47-
Trp74 exciton coupling at 5-35°C, and this is followed by
the main unfolding of peptide chains at 40-70°C. Charac-
teristic mutation effects appear in the first transition in the
low-temperature region rather than in the second one (Fig.
6). The first transition is not clearly observed for Trp47 and
Trp74 mutants in the temperature dependence of [6]220

(Fig. 6A), but this does not necessarily mean that the ther-
mal unfolding of these mutants has no intermediate. The
fluorescence-temperature plots clearly shows the first tran-
sition at 30-40°C for W47L and W74L (Fig. 6B), and more
distinctly at 30-^5°C for W74F (data not shown). Thus the
intermediate state still exists in the thermal unfolding of
mutants without Trp47-Trp74 exciton coupling. The small
plateau in the fluorescence-temperature plots for W47L rel-
ative to W74L (Fig. 6B) suggests that the side chain of
Trp47 is more exposed to the solvent than that of Trp74 in
the intermediate state. W30L resembles W47L in having no
distinct plateau in fluorescence-temperature plots, so the
side chain of Trp30 may also be exposed to the solvent in
the intermediate state.

Small Contribution of Tryptophan Residues to Enzyme
Function—None of the mutations at the five tryptophan

residues have a crucial effect on the enzymatic function of
DHFR, although considerably large changes occur in the
structure and stability. The most significant effect is seen
for the mutation at Trp22, which is highly conserved in
other bacterial and vertebrate DHFRs (44). This is proba-
bly because this position is very close (5 A) to the active site
Asp27 and located at the hinge of the Met20 loop, whose
motion is essential for NADPH binding. It is noteworthy
that the activity decreases in the order of wild-type >
W22F > W22L, corresponding to the decreased hydropho-
bicity of the residue at position 22. Warren et al. also re-
ported that the kal values of W22F and W22H are 87 and
6% of the wild-type value, respectively (32). These results
suggest that the decreased activity of Trp22 mutants may
be partly ascribed to the increased ionization or decreased
pKa of Asp27: the population of deionized carboxylic groups
utilizable for the hydride transfer reaction would diminish,
because the dielectric constant of the medium around
Asp27 would increase as the hydrophobicity of the residues
at position 22 decreases. However, such a decrease in activ-
ity with increasing residue hydrophobicity is also observed
at positions 74 (wild-type > W74F > W74L) and 133 (wild-
type > W133F > W133V). These positions are separated by
26 and 22 A from Asp27, respectively, so it seems unlikely
that their mutation directly influences the ionization of
Asp27 through the medium effect. We need much more de-
tailed information on the reaction kinetics of these mutants
to understand the participation of long-range interaction or
structural fluctuation in the enzymatic function.

To conclude, the five tryptophan residues in DHFR each
make characteristic contributions to its structure, stability
and function. Unusual spectroscopic behaviors of the native
structure and the intermediate in thermal unfolding are
mainly ascribed to the Trp47-Trp74 excimer, together with
contributions of Trp30 and Trpl33. None of the tryptophan
residues has a critical role in the enzymatic function, but
each plays an important role in the structural stability
through the compensation effects of hydrophobic interac-
tion and atomic packing. More detailed analyses on the
native structure and enzyme kinetics of these tryptophan
mutants would be fruitful for understanding the roles of
the individual tryptophan residues.

We wish to thank the Nagoya University Computer Center for the
use of the SALS program.
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